I. INTRODUCTION
The physics of the compressedgas layer behind a shock wavesurrounding a hypersonic object flying through a planetary atmosphere have been studied intensely since the early 1960's (refs. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] .. The intense heat generatedas a result of the compressionis distributed in the shock layer volume through a thermochemical relaxation process. The translational temperature immediately behind the shock may be as high as 20,000to 60,000 K. Due to the high velocity of the vehicle the characteristic flow time through the shock layer becomescomparable to the relaxation time constants of thesethermochemical processesand, as a result, a major volume of the shock layer is in a state of thermochemicalnonequilibrium. The radiation from the volume in thermochcmical noncquilibrium is enhanced,about 2-15times higher than its equilibrium value (ref. 16 ). In such an environment, the nonequilibrium radiation plays a larger role in the radiative heating of the vehicle body. In order to properly design the heat shields of such vehiclesone must be able to compute the radiative and convective heat load. The convectiveheat transfer rates can bc estimatedwith confidenceprovided the surface catalytic reactivity is known (ref. 19 ). The nonequilibrium radiation phenomenais still not well understood, especially,at high altitudes (> 50 km) and at velocities above 10.0 km/sec and below 6.0 km/sec. There are three basic features which are unique to nonequilibrium radiation:
1. For a given transition, the absorption coefficient, to, and the emission coefficient, (refs. 10-14) .
In a concerted effort in the laboratory, shock tube and ballistic range tests were conducted along with theoretical calculations.
Shock tubes were operated (refs. 1-3) at shock velocities up to 10 km/sec. There was a lower limit on the gas density in these tests because of intrinsic limitations of a shock tube, such as boundary layer growth and short test times. At the shock velocity of 7 km/sec, the lowest initial pressure ahead of the shock wave was 0.05 Torr (,,_70 km altitude). At the shock velocity of 10 km/sec, the lowest pressure was 0.1 Torr (_65 km altitude). One of the major findings of the laboratory data was that the luminosity of air is zero immediately behind the shock, rises to a peak, then, decays to a smaller value and achieves a plateau ( fig. 1 ). Sincechemical and thermodynamic processesin the relaxation zoneare binary, i.e. they result from two body collisions, the intensity of radiation from such reactions is proportional to the density and the thicknessof the relaxation zone is inversely proportional to the density. ON,
hcrc Are is the electron number density (the colliding particle). In general,of the three atomic radiative processes, namely: 1) line radiation, 2) free-bound radiation, and 3) free-freeradiation, the radiative intensity from the first two are affected by the populations of all internal electronic states. The free-freeradiation is not affected by the internal state populations. For the computation of the line atomic radiation and free-bound continuum the populations of all electronic states are determined by solving a set of equations like equation (4). The transitions that need to be consideredin eq. (4), can be divided into four groups: 1) a limiting value of the cross section and 2) the diffusive nature of vibrational relaxation. The first modification arisesfrom the fact that the Millikan and White correlation implies an unrealistically large crosssection for vibrational relaxation at high temperatures. The correction is introduced in the form of a limiting cross section av and an effective relaxation time, where pC is electron pressure and Te is the time constant.
Te is to be used in the equation (7) in place of T_ for the e-V process.
As it is clear from the above discussion that in order to simplify the computation, in certain cases, Tc = Tez_ct = Tv is acceptable. Recently these program have been improved by Whiting (ref. 69 ) and combined into a single code. The improvements are: 1) generalization of chemical reaction schemes,2) improvement in the accuracyof partition functions and radiation calculation schemes, and 3) inclusion of the specicsC, CO, CN, and C2 in the excitation calculations. All of these codes assumeT_zec --T_ --Tv and Tn --T in the fluid computations with the averagetemperature, shows a slow approach to its equilibrium value, in a manner NEQAIR predicts. In other words, the modelling of N2 excitation in NEQAIR is reasonably accurate. As soon as NO forms in the flow, the vibrational temperature shoots up rapidly much faster than exhibited by N2 vibrational temperature. It seemsthat NO moleculesare probably produced in a vibrationally excited state. Possible mechanismsmay be the formation of NO in reactions where the kinetic and chemical energiesare directly converted into vibrational energy during the collisions. The vibrationally excited, ground electronic NO moleculesmay in turn interact to produce excited A-state molecules. This hypothesisseemsto be in good agreementwith the experimental findings about the strong couplings between vibrational and electronic states.
IV. COMPUTER
This area of molecular excitation needsfurther work. Without a better understanding of thesephenomena,our capability to compute nonequilibrium radiation at low velocities will not improve. Tile other two sets: 1) at 6.2 km/sec in 1 Tort N2, and at 10 km/sec in 0. As discussed before, the "binary scaling law" dictates that the nonequilibrium-toequilibrium radiative heat flux defined as fo°'1 Idt (see fig. 1 (6)) should be considered.
The vibrational temperature of the species during the nonequilibrium is another matter of concern. In figure 9 the vibrational temperature measured by Allen a. Equilibrium radiation:
The radiation plateau reached after the nonequilibrium overshoot is most often believed to be caused by the onset of equilibrium in the gas. In fact, it is due to the attainment of a steady state in which the populations in some of the higher electronic states may still remain much different from those of their equilibrium values. At low velocities (,--6.0km/sec) the radiative emission from this steady state is not very differcnt fl'om equilibrium air. However, at higher velocities and low densities (_10.0 km/sec) the differencebecomessignificant. It is interesting to note that this differencebetweenthe steady state and equilibrium emissionis not uniformly distributed over the entire spectral range. N+ moleculescontributing to the most prominent radiator, the First Negative Band System,seem to equilibrate near the plateau and hencethe steady state and equilibrium emissionsfrom this band system are nearly the same. It should be noted herethat CN violet radiation can significantly alter the appearanceof the N+(1 -) band system, especially the (0,0) band system at 3882.6/_ and the (1,0) band system at 3582. the process more complex and the verification less convincing. At the same time, some of these effects, suchas collision limiting and truncation, provide another dimension in the verification process.
The FIRE vehicles were approximately 1/4-scale models of the Apollo command module and entered the atmosphere at velocities slightly higher than those of Apollo vehicles. The vehicles were made of beryllium and hencenot ablating. The measuredconvective heat transfer agreed well with the available theories. The radiation data, at low altitudes, were in agreementwith the equilibrium radiation computations. At higher altitudes, the radiative heating violated the "binary scaling law" and varied with diminishing density. However, if one takes "truncation" into account, it is possible to reproduce the flight data for a certain range of the flight (fig. 10 ). Due to the small size of the vehicle, many phenomena, such as viscous effects, finite shock thickness, small shock stand-off distance etc., play a role in the radiative transport. Therefore, only a portion of the flight data can be used to validate the physical model presentedhere.
Over the years, attempts to reproducethe flight data mentioned herehave been partially successful.The generalconsensusis that the truc extent of nonequilibrium radiation in FIRE and Apollo experiments was not realized at the time.
The preceding comparisonsof experimental data and the theoretical prediction, in the moderately ionized regime,show that this model is fairly accurate in reproducing most of the experimental data. The model is reasonably accurate in reproducing integrated radiation intensities, and reproducesthe spectral data at low velocities and high densitieswith acceptable accuracy. The model, however, doesonly a fair job of reproducing spectral data obtained in the ground tests at low density and high velocity.
(iii) High degree of ionization (N_/N > 3%) The radiation emissionin this regime is dominated by free-freetransitions, bound-free transitions and strong atomic line radiation. Dependingupon the optical path the atomic line tend to be self-absorbedin the media. Thus, in a moderately optically thick medium, which is a more realistic scenario for this regime, complex line by line spatial integration is required. In an optically thick approximation, of course,only free-freeand bound-freeradiation need to be considered. Therefore, emphasisof the model in this regime is more on the accuracyof radiative transport computations than on the chemical and/or thermodynamic nonequilibrium model. Becauseof high electron density, more ctlarge transfer and associative ionization reactions are added to the list of chemical reaction given in table 1 (ref. 52) .
In the highly ionized regimetile nonequilibrium overshootstend to decreasewith increase in the shock velocity For the verification of computed spectral intensities, reliable and complete experimental data sets for this regime are not available. Depending upon the integration schemein the radiative transport bookkeeping, discrepanciesup to several orders of magnitude have been found in the spectral intensities. Even the integrated radiation heat flux, which under the "binary scaling law, " should be density independent, has been found to scatter as much as oneorder of magnitude, dependingon the method of computation. With a concertedeffort in radiative transport integration techniquesand the acquisition of reliable and completespectral and integrated radiation data, our computational capabilities for this regime will be improved.
B. Martian Atmosphere
The Martian atmosphereconsistsof 95.7% CO2, 2.7% N2 and 1.6%Ar (rcf. 79 Computations show that for flight velocity of 6-9 km/sec, the predicted equilibration distance varies between 9 and 27 cm. Thus, computations of the radiative heat load on an cntry vehicle whose shock stand off distance is in the 9-27 cm range (or less), require the nonequilibrium radiation model. An cquilibrium model will under predict the radiative heat load in those cases. such as the relaxation time and equilibration distance are also in good agreementwith the experimental data.
C. Titan
Our ability to computethe nonequilibrium radiation from highly ionizedflows is alsopoor. The problem lies, not as much in the basic understanding of the physics involved, but in the complex bookkeeping of the radiative transport phenomena. Due to the significant degree of radiative cooling, radiative transport calculations must be done with improved accuracy. Also, reliable experimental data against which the computations can be verified, are limited in number. A low density shock tube facility is under developmentat the E.A.S.T. Facility of NASA Ames ResearchCenter to addressthis problem.
The computation of radiation from planetary atmospheresother than air is, in principle, within our present day capabilities, since these flows fall into one of the last two categories: moderately and highly ionized. Experimental data, however,are neededfor verification purpose. 
